UNCLASSIFIED

AD NUMBER
ADA800633
CLASSIFICATION CHANGES
TO: uncl assified
FROM: restricted

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Di stribution authorized to DoD only;

Adm ni strative/ Qperational Use; 25 AUG 1947.
O her requests shall be referred to Nati onal
Aeronautics and Space Adm nistration,

Washi ngt on, DC. Pre-dates fornmal DoD

di stribution statenents. Treat as DoD only.

AUTHORITY

NACA Research Abstracts no. 45 dtd 10 Jul 1953;
NASA TR Server website

THISPAGE ISUNCLASSIFIED




Reproduction Quality Notice

This document 1s part of the Air Technical Index
[ATI] collection. The ATI collection is over 50 years
old and was 1imaged from roll film. The collection has
deteriorated over time and is in poor condition. DTIC
has reproduced the best available copy utilizing the
most current imaging technology. ATI documents
that are partially legible have been included in the
DTIC collection due to their historical value.

If you are dissatistied with this document, please feel

free to contact our Directorate of User Services at
[703] 767-9066/9068 or DSN 427-9066/9068.

Do Not Return This Document
To DTIC



'Reprodﬁced by
AIRR DOCUMENTS DIVISION

HEADGUARTERS AIR MATERIEL COMMAND .

WRIGHT FIELD, DAYTON, OHIO




o~ — » g
. oM . —
N -l -- --. ..'\ Lt " . " . K

B - ' = - . 1] i

: ; . T, ‘ » S .,
b L . d . L] .
p L % .
F . . \ - 3 -
. L . \

!

PR
- “US.GOVERNMENT |

v

IS ABSOLVED

FROM ANY LITIGATION WHICH MAY

/

ENSUE FROM THE CONTRACT ORS IN -

FRINGING ON THE FOREIGN PATENT

RIGHTS WHICH MAY BE INVOLVED.

L
!

X
/|‘~\r.







- W % a O ¥» o '

e




RESTRICTED S070%Cicas
ATI No.L 2K/

RESEARCH MEMORANDUM

INVESTIGATION OF THRUST AUGMENTATION OF A
1600-POUND THRUST CENTRIFUGAL-FLOW-TYPE
TURBOJET ENGINE BY INJECTION OF
REFRIGERANTS AT COMPRESSOR INLETS
By William L. Jones and Harry W. Dowman

Flight Propulsion Research Laboratory
Cleveland, Ohio

CLASSIFIED DOCUMENT

This document contains olasaified informstion affeo~
ting the National Defense of the United States within
the meaning of the Espionage Aot, USC 50:31 snd 32,
Its transmiasion or the revelation of its oontents in
any manner to an unsuthorized person ia probibited by
law. Information so olassified may be impsrted only
to persons in the military and naval Servicas of the
United States, appropriata civilisn officers and em-
rlo sea of the Federal Governmsent who have a legit-
mate interest therein, and to United Statea oitiaens
of known loyalty and discretion who of neceasity muat
be informed thervof.

NATIONAL ADVISORY COMMITTEE
FOR 'AERONAUTICS

WASHINGTON
August 25, 1947

RESTRICTED




HACA 3 No. X7023 " RRSTRICTED

NATIONAL ADVISORY COMMITTEEX YOR AEROMAUTIOS:
EESEARCH MENCRANTON
INVESTIGATION OF THRUST AUGMENTATION OF A 1600-POUND
THRUST CENTRIFUGAL-FLOW-TYPE TURBOJET ENGINE
BY TWECTION OF REFRIGERANTS AT
. COMPRESSOR INLETS
By William L. Jones and Barry W. Dowsan

: The perforsance of a centrifugal-flow-type turbojet engine
{Baving a normal silitary rating of 1600-1b thrust at a rotor
spesd of 16,500 rmm), has been investigated at zero flight speed
with inJection of refrigerants at the compressor inlets. The
largest part of these inveetigations was devoted to the injection
of water and water-alocohol mixtures; btrief investigations were
also conducted with the injeotion of kerosene and carbon dioxide.

The engine performance with the injection of water wae inves-
tigated over a rangs of rotor speeds. Three different exhaust-
norzle sizes were used in order to evaluate the thrust augmentation
possible when an adjustable-area exhauet nozzle is used. Various
sixturee of water and aloohol were injected for a range of total
flows up to 2.2 pounds per second. The runs with kerosene injected
into the compreesor inlets covered a range of injected flows up to
approximately 30 percent of the normal engine fuel flow and were
conduoted over a range of rotor speeds. The carbon dioxide was
injected in snow form from etandard 75-pound fire-extinguisher
bottles and ite use was investigated both alone and with the
injection of water and alcohol.

The injection of 2.0 pounds per eeocond of water slone would
provide a thrust augmentation of 35.68 percent at rated engine
oonditions for operation with an aldjuetable-area exhaust nozzls.

A maximm thrust augmentation at zero flight epeed of 4U percent
wvas indicated at rated engine conditions for operation with an
adjustable-area exhaust nozzle by injection of 1.6 pounds per
second of wvater and 0.4 pound of alcohol per second. The injec-
tion of keroeene produced & negligible increass in thrust. A
thrust augmentation of 23.5 percent wes obtained with the injeotion
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otc.cmpormumumm The injection of
3.5 pounds per second of carbon dioxide with a mirxture of water and
aloohol provided a thrust augmentation of 36 pemnt, 16 percent of
whioch wvas ocontributed by the carbon dioxids.

INTROIUCTION

Thrust augmentation of turboJjet engines to provide improved
take-off, olimb, and high-speed flight characteristics is of impor-
tanoe in increasing the effectiveness of the application of turbojet:
engines to both civilian and military aircraft. One of the methods
of increasing the thrust of the turbojet engine is by the injection
of refrigerants at the compressor inlets. This method incresses
the density of the air and the compreeeor Mach mmber. The increased
density gives a higher mase flow through the engine and the increased
oompressor Mach number ylelds a higher preesure ratio across the
ocoupressor. Both of these factors increase the thrust of the engine.

As part of a general research program being cuuducted at the
NACA Cleveland laboratory to investigate varioue methods of thrust
‘augwentation, the performance of a centrifugal-flow-type turbojet
engine at zero flight speed and sea-level conditions with injection
of water end water-alcohol mixtures has been determined. For the
inveatigation reported, which was conducted during the fall of 1944,
various mixturee of water and alcohol were used over a range of
injected liquid flows. The engine performance with injection of
water was determined over a range of rotor speede; the use of water-
. 8loohol mixturee was investigated at two rotor speeds. Three dif-
ferent exhaust-nozzle sizee were used in order to evaluate the
thrust augmentation possible if an adjuetable-area exhaust nozzle
were used.

The investigation with injection of water-alcohol mixtures
was of importence because of: (a) the provision in the injected
. mixture of the extra fuel that is required for operation with water
‘injection; (b) the possibility of choosing & mixture that would
eliminate the need for adjustment of the fuel throttle during
‘ ‘injection; and (c) the lov freezing temperature of' mter-alcohol
mixtures.

In addition to the investigation of engine performnco \rith
water and alcobol injection, brief investigstions were also ‘conducted
with the -injection of kerosens and carbon dloxide. - The -investigations
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with Ierosens injection covered a range of injected flows up to
approximately 30 perscent of the normal fuel flow and were conducted
over a range of rotor speeds. The carbon dioxide was injected in
snov form from atandard 75-pound fire-extinguisher bottles and its
use wvas investigated both alone and in conjunction with the injec-
tion of water and aloohol.

APPARATUS
Genoral Setup

The general arrangement of the test setup is shown in figure 1.
The investigations were conducted on an I-16 turbojet engine (normel
rating, 1600-1b thrust) that was rigidly mounted on a framework
susyended from the ceiling of the test cell by four rods supported
by ball-bearing pivots. The tail pips of the engine extended through
an air seal in the cutside wall of the test chamber. All supply
lines to the engine were of flexible hose in order that restraining
forces would be at a minimum., Lateral movement of the engine and
‘the freme was provented by means of ball-bearing guide rollers.
The thrust exerted by the sugpended engine was transmitted by a
cranklover arrangement to the diaphragm of a calibrated balanced
pressure cell. Measurement of the balancing pressure provided an
indication of the engine thrust. The fuel flow (kerosene) to the
engine wvas measured by calibrated rotameters. A chronometric
tachometer was used to mcasure the rotor speed. The air supply to
the engine entered the nearly airtight test chamber through an
18-inch throat-diameter A.S.M.E. standard air-measuring nozzle. A
diffuser, vhich had an area ratio of 4, was connocted to the morrle
in order to convert the velocity pressure at the nozzle throat to
static pressure in the test cell. The cell leakage, which was
found by calibration to be less than 0,3 percent of the total air
flow, was added to the weasured air flow.

An aluminum cowl and a wooden inlet-air nozzle were installed

on the engine to restrict the inlet-air flow to ean area in vhich
the temperature could be accurately measured.

Injection Equipment

Wa: and alcohol injection. - Water and alcohol mixtures were
Mﬁ%@'ﬁﬁxﬁquﬂ-hm sprey noctles connected
to a common manifold, as shown in figure 2. Ten noszles were equally
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spaced around each oompressor-inlet screen. Water and alcohol flows
were measured by calidbrated orifices. The alcohol used in these
investigations was approximately SO-perocent methyl and 50-peroent
ethyl by weight.

Xorosene injection. - For the injection of kerosene, the engine
fuel system was 80 revised that both the fuel injected into the com-
pressor and the fuel supplied to the engine burner nozzles passed
through the ovorspeed governor. Sararate throttles were provided
for each fuel line. The kerosens was injected into the compreasor
inlets through twenty 6.5 -gallon-per-hour epray nozzlus installed
in the same mennor as the water-alcohoi injection nozzles. The
total flow of keroseno to the engine was measured by a calibrated
rotametor. The injected kerveens flows at the compressor inlets
were dotermined by a flow calibration of the injection nozzles.

Carbon-dioxide injection. - The additional equipment required
for the injection of carbon dloxide is.shown in the foreground of
the photogravh presented in figure 3. (The injection manifold shown
mounted on the inlet noztle was pot used during these runs,) Carbon
dioxide from 75-pound-capacity fire extinguishers was injected into
the inlet-air stream in snow form.

Several bottles of carbon dioxide were discharged to obtain
weight-flow calibrations. The results of five such calibrations
are presented in figure 4 from vhich carbon-djoxide flows have dbeen
determined for these investigations. Although the date for those
ocurves scatter somewhat, the trends indjcate that the flow rate of
ocarbon dioxide is dependsnt on its initial temperature with the
greatest flow rates occurring at the highest temperature.

Pressure anl Temperature Instrumentetion
The stations at which the engine was instrumonted for tempera-
ture and pressure measurements are shown in figure 2. The variables
moasured and the number, type, and location of instruments are:

() Cowl-inlet total temperature T,, average of six
unshielded thermocouplos in inlet-air nozzle

(b) Cowl-inlet total prossure Pj, ono open-cnd tube in
’tnt oell '

- (0) - Compressor-outlet total teupembure-(inhf of burner 10)
Tp, one unabieldsd thersocouple
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~ (4) Compressor-outlst total tempsrature (inlet of burner S)
Tp, one stagnation-type therloow_plo

(o) Compressor-outlet static pressure (inlet of burner 9)
P2, four statio wall taps oonneoted to & piezometer ring

(f) Compressor-cutlet total pressure (inlet of burner 9)
P2, one five-tube total pressure rake with all tubes
comneoted to a common line

(8) Tail-pipe gas temperature T;, six aspirating-type
thermocouples connected in purallel

Those measurements were read on potentiometers and manometers.

PROCEDURE
Water and Water-Alcohol Injeotion
Five soparate series of runs were conduoted, three with vater

injeotion and two with water-alcohol injection. The oonditions
for the five runs are presented in the following table:

Run |Injected {Ex- Injected |Injected |Total Rotor
liquid |haust | wvater |alcohol |[injected{ speed
nozzle]| flow flow liquia N
diam- | W, Wal flov (rpm)
eter | (1b/  |(1b/sec) [V + Va1l

{in.) | sec) (1b/sec)

A | Water |'12.5 0-1.9 0 0-1,9} 11,000~
16,500
B | Water 12,0 0-1.9 0 0-1.9| 11,000-
16,500
C | vater 11.5 0-1.9 0 0-1,.9|211,000-
16,000
D | water- | 12.0 0.5-0 0-0.5 0.5{a16,000
aloohol
E | Water- | 12.0 1.5 0-0.6 | 1.5-2.1| 16,000,
aloohol 16,500

".I'.bp spoed limited by alimble tail-pipe gas temperature.
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. Water-injection yruns A, B, and C differed only in the eilze
of the exhsust nozzle used on the engine. Water-slcohol injection
runs D and E were run with a 12-inch-diapeter exhaust nozzle and
differed in the mannor in which the proportion of water and alcohol
were varied. In run D, the total injected flow of water and alcohol
was held constant at approximately 0.5 pound per eecond and the pro-
portions of each were varied, In run E, the injected water flow
was beld constant at 1.5 pounds per second and the alcohol rate was
progreseively increased from O to 0.6 pound per eecond.

Prior to each run, engine verformance was determined without
injection in order to provide a basis for evaluating the thrust
augmentation.

Kerosene and Carbon-Dioxide Injection

The investigation of the performance of a centrifugal-flow-type
turbojet engino, which had a 12-inch-diemeter exhauet nozzle, during
injection of kerosene, carbon dioxide, and carbon dioxide with a
water-alcohol mixture was conducted according to the following
procedurs ;

Kerosene injection. -« The normal verformence of the engine was
determined prior to the injection of kerosene. Keroseno wae injected
into the compressor inlets of the turbojet engine in the same manner
a8 the water and alcochol and the injected flows were varied fronm
0 to 603 pounds per hour. The rotor speed was varied from 14,000 rpm
to 16,500 rym; the inlet-alr temperature wae approximately 535° R.

Carbon-dioxide 1z_xgection. = The normal performance of the engine
without injection was fi established. The injection of carbon
dioxide into the compressor inlets was then accomplished by eimul-
taneously opening the valves on four 75-pound capacity carbon-dioxide
bottlee. The.injected flow of carbon dioxide varied from 4.6 pounds
per second at the begimning of the run to almost zoro at the end of
the run, Tho engine was first operated’ at 16,500 rpm but the speed
abruptly decreased when the injection valves were opened. When the
rotor speed was stablized at 16,100 rpm, data were taken in quick
sucoession until the contents of the bottlos were depleted. The
ambient cell temperature varied from 526° to 530° R.

o garbon-dioxide injection with water-elcohol mixture. - The
engine performance was first established. This determina-
tion was followed by an inveetigation of engine performance for the
injection of a 9:8 mixture of water and aloohol. Then, while the
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water and aloohol mixture was being injected at a rotor speed of
approximately 16,500 rpm, the valves on three 75-pound capacity
carbon-dioxide bottles were simultansously opened.
wore started 6 seconds after opening of the valves and were taken
at 12-second intervals until the contente of the bottles were:

“pht’d .

Readings

The variation in rotor speed was about 60 rpm for the

Tun and the ambient cell tempersture varied from 507° to 514° R.

’
»
X
x
P
)
T
t
“Q

SYMBOLS
The following symbols are used in this report:
thrust, (1b)
lower beating value of fusl, (Btu)/(ib)
fuel-flov correction factor
rotor speed, (rpm)
total pressure, (1b)/(sq in. absolute)
static preesure, (1b)/(sq in. absclute)
indicated temperature, (°R)
time, (®ec)

air flow, (1b)/(sec)

Wa1 1njected alcohol flow, (1b)/(sec)

injected carbon-dioxide flow, (1b)/(mec)
fuel flow, (1b)/(hr) '
injected keroeene flow, (1b)/(hr)
injected water flow, (1b)/(ses)

total liquid consumption, (1b of fuel, water, aloobol, amd

carbon dioxide)/(sec) or (1b)/(hr)




METHODS OF CORRECTION

. All performance date from water and water-aloohol injection runs
were ocorrected to standard conditions at the cowl inlet by the following
esquations (the values without the subsoript oorr are cbserved data):

(1)

. (3)

(s)

“(¢)

(8)

(s) .

2 {3 '."-'i_v" EP . B . (1)




v,/ w4 w.x
“‘"ﬂ'.: e +aqr;seoo

. v, K
ft:o:!'x."_‘v—'=
LX)

where the oorreotion factors

- covl-inlet toﬁl pressure PO
Tressure of NACA standard atmospbere at sea level
. covl-inlet total. temperature T,
temperature of RACA stendard atmosphere at sea level

x.1+(5600xo.4'21.)(1-e)
Ve

The acocuracy of the correction of engine performance data with
1liquid injection to standard inlet conditions is somevhat question-
able because of unknown effects of inlet-air temperature on the
vaporization of the injected liquid. The corrections applied are
therefore only approximate and probebly limited to swall ranges of
inlet temperature such as contained in the present data.

The correction equations ere all valid if the corrected pres-
sures and temperatures throughout the engine are related to the
oorresponding uncorrected values by the factors 8 and 6. A
theoretical anmalysis of the wet compression procsss indicates
that if liquid-air ratio and compressor Mach number are held con-
stant, the corrected pressures and temperatures will be related
to the uncorrected values by the faclurs 5 and 6, provided
that: (1) the liquid is completely vaporized in the ccmpressor,
and (2) the variations in inlet conditions are swall.

The corrections are based on maintaining corrected values of
water-air and alcohol-air ratios and Mach numbers the same as the
uncorrected values. The water-air and alcohol-air ratios are
maintained constant by correcting watsr and alcohol flows in the
same mannar as the air flow, Corrected and uncorrected Mach num-
bers of the flow through the engine are tho same except for varia-
tions in the thermodynamio properties of the gases arising from
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(1) small changes (with correction) 1o fuel-air ratio (and, hence

fuel-watsr and

fuel-alcohol retios), snd (2) small changes in the

vyaporization proceases in the cOWpressor (with inlet conditions) .

The total

1iquid ¢ ngine consiste of fuel
and alcobol, ide or absorb heat in the
Pecause both the engine fuel and the

injected alcohol provi ombustion, the resultant fuel
£lov must be corrected in & menner that accounts for the changee in
alcohol flowe arising from correction. rrection factor K,
which takes into considerution the ac and injected
alcohol, is dor e heat-balanc

0.4 in definition O

heating value of alcohol to

based on date £

rom the vat.ar-alcohol. injeotion uns.

The performance date from runs with kerosene and car‘bon-d.ioxme
injection &axe presented directly a8 resd without correotion for
inlet oconditions.

RESULTS AND DISCUSSTON

yater and water-Alcohol Injeotion

grester part of the inve ¢ sngine performands was

conduoted with

injection of the refrigersnts that were considered of

primary importance, nanely, vater and water-aloohol mixture.

water 19_Jgotion. = The obeerved and the corrected data of water-
wns A, B)

injection

and C &are preuented in table I.

nted in figure 5 ghow the rformpance with

12.5-1nch

sxhaust nozzle,
excesslive tail-pipe
-plotting curve
from the data in table 1. Flguwre 5(a) shows a graph
plotted against injected wator flov. For an injected

2.0 pounds per

second, & thrust of 17
obtained using the 12.

v of 1935 pounds, or an increase O
tained with the R.O-imh-uameter exhaust nozzle.

represent & 23
exhaust nozzle

2-percsnt thrust increas® for the 12 .5-inch-d1ameter
and a 21.7 -percent increase for the B.O-imhAMr
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"exhauet nozzle. The dashed line in figurs S(a) represents the
thrust with an adjustable-area exhaust nozzle and will be dlecussed
in the following paregraph.

Arfemiwr T

The tall-pipe gas temperaturee deoreased appreciably with injec-
tion of wvater for both exhaust noszle sizes (£ig. 5(b)). The excee-
sive tail-pipe gas temperatures obtained with the 12.0-inch-diameter
exhaust nozzle at pointe of low injection are reduced to the rated
yalue of 1640° R by the injection of 2.0 pounds per eecond of water.
The reduction in temperature with injeotion together with the higher
thrust provided by the use of the smaller exheaust muzzle (fig. 5(a)),
indioatee that in order to realize fully the benefite of water
injeotion the engine ehould be equipped with a variable -area exhaust
nogzle. The thrust available when the exhaust-nozzle area le
reduced sufficiently during injection to maintain the rated tail-
DPipe gas temperature, as shown by the daehed line in figure 5(a),
was obtainsd by crose-plotting curvee of thrust and tail-pipe gas
temperature against exhauet-nozzle size. Thie curve for constant
tail-pipe gra temperature ehows that the thrust inoreaeee from
1425 pounds for no injection to 1935 pounds for injection of
2.0 pounde per second, representing a thrust augmwentation of
35.8 percent. The leveling off of the curves of figures 5(a) and
5(b) indicates that both the increase in thrust and the reduction
in tail-pipe gae temperature, and hence the effectiveness of the
water injection, are reduced as the injection rate ie increased.

The changes in fuel flow, total 1liquid consumption, air flow,
and compreseor-outlet total pressure caused by water injection are
shown in figures 5(co) to 5(f), respectively. Both the fuel flow
(£ig. 5(0)) and the total 1iquid consumption (fig. 5(d)) increaee
appreciably for both exhaust-nozzle eirea with injected water flaow.
The injection of 2.0 pounds per second of water resulted in an
increase of roughly 500 pounde per hour in the fuel flow and the
total liguid consumption at this injection rate was about five
times as high as for no injection. The air flow (fig. S5(e))
reachee a maximum (with an increase of about 2.5 1b/sec) at an
injected water flow of approximately 1.0 pound per eecond for both
exhaust-norzle sizes. Although the air flow reaches a maximum at
an injeoted water flow of 1.0 pound per eecond, the total maass flow
(air plus liquid) through the engine continuee to rise with injected
water flow throughout the range investigated. . The coupreeeor-outlet
total prossure (fig. 5(f)) increased over a larger range of injected
water flows than did the air flow, leveling off at about the sawe
injeoted vater flow as did the thrust and the tail-pipe gas
temperature. : ’ . i
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¥ater-aloohol otion, - The results of run D, in which the
WKM‘_!_E%E-%:L were varied while the total injec=
tion rate was held constant at 0.52 pound per second (corrected value)
are presented in figure 6. These data were obtained for inlet-air
temperature from S37° to S43° R and are presented for a corrected
rotor speed of 16,000 rpm. Figures 3(a) and 6(b) show that at this
low total injected flow small amounts of alcohol (up to 0.15 1b/sec,
or 30-percent alcohol) in the injected mixture produces about the
same thrust and tail-pipe gas tewperature as ars produced by the
injection of 0.52 pound per second of water alons., Injection of
mixtures richer than 0,15 pound per second of alcohol, however,
resulted in less thrust augmentation and higher tail-pipe gas tem-
peratures than the injection of the same amount of water. Because
alcohol acts as additional fuel, replacing some of the extra engine
fuel required during water injection, the proportion of alcohol in
the injected 1liquid has a marked effect on the engine fuel flow
(fig. 6(c)). Por injection of 0,10 pound per mecond of alcohol and
0.42 pound per second of water, the same fuel flow is required as
with no injection, and therefore no adjustment of the fuel throttle
is necessary. The composition of the injected mixture for constant
throttle setting, {with constant nozzle eize) from the previous
observation, is approximately 20-percent alcohol by weight.

Figure 6(d) shows that total ligquid consumption decreases as
the proporticn of alcohol is increased for a constant total injected
mixture flow of 0.52 pound per eccond. This decrease in total liguid
consumption is caused by the replacement of some of the engine fuel
with alcohol as the injected mixture is enriched with alcoholi.

Both the air flow (fig. 6(e)) and the compressor-outlet total
pressure (fig. 6(f)) were higher for mixtures containing small
amounts of alcohol than for mixtures rich in alcohol. These higher
alr flows and pressures indicate that the greateat cooling of the
intake air occurred for mixtures containing a small amount 6f alcohol,.
The more rapid vaporization of mixtures rich in alcohol is apparently
counteracted by the reduction in the heat of vaporization as the
aloohol content is increased.

The results of run E, in which the injected water flow vas
held constant at 1,6 pounds per second (corrected value) and the
injected alcohol flow was varied, are preeented in figure 7. These
data were obtained for inlet-sir temperatures from 541° to 547° R
and are presented for corrected rotor speeds of 16,000 and 16,500 rpm.
Although the thrust values for no injection from figure 7(a) do not
agree with those of figure S(a) because of a change in normal engine
performance, the percentage thrust inoreases brought about by injecs
tion of 1,6 pounds of water per second are about the same for both runs.
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A comparison of the thrust sugmentation in figures 5(a) and 7(a)
shows that the addition of aloohol to an injected water flow of

1.6 pounds per second results in a greater ircrease in thruat than
the injection of the same total flow of water alone. Moreover, the
addition of aleohol to an injected water flow of 1.6 pounde per
second producee a elightly lower tail-pipe gas temperature (approxi-
mately 30° F for 0.4 1b/eec alcohol) than was produced by the seme
total injected flow of water alone (fig. 7(b)).

The curve of fuel flow against injected aloohol flow (fig. 7(c))
indicatee that the sngine can be operated without adjustment of the
fuel throttle with injection of 1.6 pounde per second of water and
approximately 0.4 pound per second of alcohol for both rotor epeeds.
This mixture is in agresment with the constant-throttle-sstting
injection mixture of run D (approximately 20-percent alcohol by
weight). Comparison of figuree S(d) and 7(d) show that the total
1iquid consumption is lese for the injection of 1.6 pounds of water
per second plus various amounts of alcohol than for the injection
of an equal awount of water alone. A similar comparison of fig-
ures 5(e) and 5(f) with 7(e) end 7(f) shows that both the air-flow
and compressor-outlet preesure increase more for the injection of
mixturee containing alcohol than for the injection of water alone.

., 'The foregoing comparison of the performance data pressnted in
figuree 5 and 7 indicated that ths addition of alcohol to the
injected liguid at high injected water flowe (approximately

1.6 15/sec) is more effective in increasing the thrust and reducing
the tail-pipe gae temperature than the addition of more watsr. The
maximum poasible thrust augmentation with water-slcohol injsction
wae not obtained, however, because run E was conductsd with only
one eize exhaust nozzle, which permitted the gas tewperaturss to
decrease as the injected flow was increassd. In ordsr to illuetrate
the maximum thruet augwentation that may be expected with water-
alcobol injection, figure 8 ie preeented. ,The data from figure S(a)
for water injection at a constant tail-pipe gae temperature of
1640° R (at 16,500 rpm) is replotted in figure 8 as percentage
thrust augmentation against total injected liquid flow. A curvs

of the thrust augmentation available by water injection for the
12,0-inch-diameter exhaust nozzle is included for comparison. The
thrust augmentation possible by water-alcohol injection ie showm
by daehed curves for both conditions, that is: (1) tail-pipe gas
temperature maintained constant by exhaust nozzle adjustment and
(2) sxhaust-nozzle dlameter maintained constant at 12.0 inches.
This thrust augmentation for constant tail-pive gas temperaturee
wae obtained by multiplying the augmentation provided by 1.6 pounds
por second of water alone. (from fig. 5(a)) by both the ratio of the
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thrwet increase with aloohol injection shown in figure 7(a) and the
ratio of the estimated thrust increase obtained when the exhaust-
nozzle size was sufficiently reduced to raise the gas temperatures
* of figare 7(b) to a constant value. This adjuatment of the data to
a oommon exhaust-gas temperature was based on ¢oxosa plots of thrust
and temperature against exhaust-nozzle size odtained from the data
without injection. A maximum poaaidle thrust augmentation of

40 percent for injection of 1.6 pounds per second of water and

0.4 poun? ver second of alcohol for a rotor speed of 16,500 rpm and
a oovl-inlet-air temperature from 534° to 543° R is 1ndica.ted by
the ourve obtained from thie anslysie of the data.

Kexocaens and Carbon-Dioxide Injection

The investigation of engins performance with injection of
refrigerants that were considered of secondary importance were the
injection of kerosene and carbon dioxide.

%mnem injection. - The uncorrected performence aata [or
runs wit roeeno inJjuction are presented in figure 9 for a rotor
.speed of 16,500 rpm, an ambient cell temperature of about 535° R,
and & 12.5- 1nch-diameter eoxhauet nozzle. Figure 9(a) showe that
the inJoction of kwrosene increases the thrust only 17 pounds for
an injection rate of 603 pounds per hour. The tail-pipe gaa
temperature (fig. 9(b)) wae found to be higher for the injection
of kerosens than for no injection. The total kexceene flow

(fig. 9(c)) vas increasvd 235 pounds per hour at an injection rate of
6803 pounds per hour into the compressor inlets at a rotor speed of
16,500 rpm. Figure 9(d) indicates that the air flow for the injec-
tion of kerosene was slightly lower than for no injection.

Carbon-dioxide injection. - The uncorrected performance data
from runs with carbon-dioxide injection have been plotted in fig-
ure 10 egainst the time elapsvd from the opening of the valves on
the carbon-dioxide bottles. Curves of engine performance without
inJection have been included in the figure for cowparison. The
thrust increasc ror the injection of carbon dioxide alone wae
320 pounds, representing a thrust augmentation of 23.5 percent, for
an injected carbon-dioxide flow of 4.6 pounds per second (indi-
cated rotor epeed, 16,150 rpm; ambient cell tempurature, 526° to
530° R). Injection of carbon djoxidy reeulted in a slight decrease
in tail-pipv gas temperature and considorably increase in fuel flow,

Carbon-dioxide injection with water-alcohol mixturo. - The
unoorrected performance data for runs of the engine with injection
of carbon dioxide with 1.7 pounds per second of a 9:8 mixture of
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water and alochol by weight are presented in figure 1ll. Curves of
sngine performance with injsction of 1.7 pounds per second of the
water-alcohol mirture alons (at speede corresponding to those during
injection of carbon dioxide) as well as curvss of performance with-
out injection are included for comparison. Because of difficulty
with the instrumentation, no tail-pipe gas temperature measurementa
were made during this run. A thrust increase for injeotion of

3.5 pounds per second of carbon dioxide with 1.7 pounds per second
of the 9:8 mixture of water and alcohol was 575 pounde representing
& thrust augmentation of 36 percent. Of this thrust increase,
vhich wvas obtained at an indicated rotor speed of 16,450 rpm, an
ambient cell temperature from 507° to 514° R, and with an engine
fitted with a constant-size exhaust nozzle, the watsr and alcohol
contributed about 315 pounds, or about 20-percent augmentation.
Thus, the injection of 3.5 pounds per sscond of carbon dioxide
with 1.7 pounde per second of a mixture of water and alcohol pro-
vided a thrust augmentation 16 percent highcr than obtained with
injection of the water and alcohol elons.

SUMMARY OF RESULTS

The following results were obtained from the investigation of
the performencs of a 1600-pound-thrust centrifugal-flow-types turbo-
Jot engine at zero flight speed, eea-level conditions, and with
injection of various refrigerants at the compressor inlets:

Water and Water-Alcohol Injection

1. A thrust augmentation of 23.2 percent wae obtained by the
injection of 2.0 pounds of water per second at a corrected rotor
speed of 16,500 rpm and for an inlet-air temperaturs of S534° to

R using a constant exhaust-nozzle diameter of 12.5 inchee.
This thrust augmentation was increased to 35.8 percent by adjust-
ment of the exhaust-nozzle size to majintain a constant rated tail-
pipe gas temperature of 1640° R.

2. In the low flow range of water-alcohol injection (approxi-
mately 0.52 1b/sec of mixture), the thrust augmentation decreased
slightly as the injected mixture was enriched with alcobol.

3. At high injected watsr flows (approximatsly 1.6 lb/eec),
the addition of alcohol to the injected liguid was more effsctive
than the addition of more water. A maximum thrust augmentation
of 40 percent is available by the injection of 1.6 pounds of watasr
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por seoond and 0.4 pound of aloohol per second vhen the tall-pipe
gas temporature is maintained constant at the rated value of 1640° R
by exhaust-nozzle adjustment.

4. Operation of the engine without adjustment of the fuel
throttle from the normel operating position (at the same speed) 1s
poseible by eelecting an injection mixture of alcohol and water
that 1s roughly 20-percent alcohcl by weight.

Korosenc and Carbon-Dioxide Injection

1. The increasse in thrust with injection of kerosene was very
slight reaching a maximum of 17 pounds for an injection rate of
603 pounds per hour at an indicated rotor epeed of 16,500 rpm, an
inlet-air temperature of 535° R, and a constant-srea exhaust nozzle
of 12.0-inch diameter. The accompanying inorease in total fuel
flow was 235 pounde per hour,

2. Thrust increase for the injection of 4.6 pounds per second
of carbon dloxide alone was 320 pounds, repreeenting a thruet
augmentation of 23.5 percent at an indicated rotor speed of 16,150 rpm,

an inlet-air temperature of 526° to 530° R, and with & 12.0-inoh-
diameter exhauet nozzle. . .

3. Thruet increase for the injection of 3.5 pounds per second
of carbon dioxide with 1.7 pounde per second of a 9:8 mixture of
water and aloohol, at an indicated rotor speed of 16,450 rpm, an
inlet-air temperature of 507° to 514° R, and with a 12.0-inch-d1smeter
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sxhaust nozzle was 575 pounda. This increase represents a total

thrust sugmentation of 36 percent of which 16 percent was contributed
by the carbon dioxide.

Flight Propulsion Research Laboratory,
Bational Advisory Committes for Aeronautics,
Cleveland, Ohie.
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INJECTION OF WATER AND WATER-ALCOHOL W1XTURES AT COMPRESSOS 1WLETS
sewl imlet: tempereture l'o. 512° R; pressurs Po. 14.70 1b/aq ine}

Total 1llquld [Cewl- Covl-1nlet Compressor=outlst Compressor= Tail-pipe

esnsumption, W linlet totsl pree- total t returs, Tg sutlet indicated
{18/sse) total eure { total pres- €as temper~

temperse= (lb}-q in. sure, r!n sturs, Toy

ture, To] sbsoluts) Unshlelded Stagnetlon {1v/eq In. (°n)
(°n) type type sbsoluts)

fead|Corrected |Resad [Corrected

e70
702
731
762
ki
817
833

B854

1376

NAT JONAL ADY ISORY
COMMITTEE FOR AERONAUTICS




NACA RM No, E7G23

TABLE I - PERPORMANCE OF CENTRIFUGAL-FLOW-TYPE TURBOJET ENOINE WITH

Weter (low,
(lb/lu’ b

Rotor epeel, N
(rpm)

Thrust, P
{1v)

Ar flow, W,
{1/se8) ©

Puel flow, W
tiv/nef

fiest lccrru ted

Read ICorr-unO

Reel Icwrcu ted

Nead ll:orrceud

Resd lCcme ted)

Injestion of water - sontinueé

14.36

12,0

13,873
14,796

8l
1183
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1NJECTION OF WATER AnO WATER-ALCOHOL MIXTURES AT COMPRESSOR 1NILETS - Continueé

Total liquié Compreasor-outlet Compreaacre Tellepipe
conaumption, Wy 1 total tempereture, Tp outle 1nSicetes
{1v/3ee} {°R) total pres- gaa tempers

q aure, ’f ature, Tq
ebrolute) UnahielGeS Stegnation {1b/aq In. {°R}
type type abaclute )

Reed lc"ruuo Reab lnolc"runl lnslcarroeul Reed ICornen Dtc&lCorrnnl

{e} 1njecticn of water - continue

0,864| 0,009 663
47 536 1

0
1.03%
1.087
«920
952
«096

17Me
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TABLE 1 - PERFORNANCE OF CENTALPUGAL-PLOS-TYPE TURDOJET ENOINE WITM I2JECTION

sater Clow, 8, Wlschel flow, Wy Seter aspeel, 2 Thrust, F [Alr Clow, W,
(1/a0ef (Ib/eea) = ° {rpm) : )’ (1b/a08) L)

Read lcarmul [Read Korreate? ]Clrruul

ter = Concloeded

1o Jeatlon of water-slcshel mlxtured
14.47] 12,0 L)
(]

14,17]
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Run A, 12.5-in.~diameter
exhaust nozzle
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exhauat nozzle
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of exhaust-nozzle area to maintain
constant tall-pipe gas temperature
of 1640° R

v .8 1.2 1.6 2.0
Corrected injected water flow, W V3 /A, 1b/sec
(a) Thrust,
Figure 5. - Engine performance for various injected water fiows for runs

A and B. Corrected rotor speed, 16,500 rpm; cowl-iniet air tempera-
ture, 534° to %540° R,
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Tail-pipe {ndicated temperature.
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(e) Fuel llow.

Figure 5. - Continued. Engine performance for various injected water

fiows for runs A and B. Corrected rotor speed 16,500 rpm; cowl-inl
air temperature, 5349 to 5400 R. y . o
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Figure 5. - Continued. Engine performance for varlous injected water
flows for runs A and B. Corrected rotor speed, 16,500 rpm; cowl=inlet

air temperature, 534° to 540° R,




NACA RM No. E7G23

NAT JONAL ADV ISORY
COMMITTEE FOR AERONAUT ICS

|

<]

= Run A, 12,5-in.-diameter
exhaust noszle

QI RAAAIRAASI ARSI ARALI GAARS RAAASLAAAY

Run B, 12,0-in.-diameter
exhaust nozzle

Corrected sir flow, W, V¥ /8, 1b/sec

adaalaanstozsalosnnlasnafonsadasanianaaiansaiinsanlisnss

4

4
P

/]
y

== Run A, 12,5-in,-diameter
exhaust nozzle

3
3
-
e
3
9
3
-
-
9
L
c
3
9
-
C
9
a
s
-
=
-
3
-
L

4

N

TIY

o

Run B, 12,0-in.-diameter
exhaust nozzle

-
-

Corrected compressor-outlet total
pressure, P2/§, 1b/3q in. absolute

asalsasalasastasasliasasiannsiaassligsaalianaalionas

FETPL FUTY PPUwY YT FUUT FUVAR FUUTA TR U T PPN PPN PP
] o4 8 1.2 1.6 2.0
Corrected injected water flow, Wy\/¥ /5, lb/sec
(f) Compressor-outlet total pressure,
Figure 5. - Concluded. Engine performance for various injected water
flows for runs A and B. Corrected rotor speed, 16,500 rpm; cowi-iniet
air temperature, 534° to 540° R,
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Figure 6, - Engine performance for various water-alcohol mixtures in-
jected during run D. Corrected total mixture flow, approximately 0.52
pound per second; corrected rotor speed, 16,000 rpm; exhaust-nozzle
diameter, 12.0 inches; cowl-inlet air temperature, 537° to 543° R,
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Figure 6. -~ Continued. Engine performance for various water-alcohoi
mixtures injected during run D. Corrected totai mixture flow, approx-
imately 0.52 pound per second; corrected rotor speed, 16,000 rpm; ex-
haust-nozzie diameter, 12.0 inches; cowl-inlet air temperature, 5379
to 543° R, g
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Figure 6. ~ Concluded. Engine performance for various water-alcohol
mixtures injected during run D. Corrected total mixture fiow, approx-
imately 0.52 pound per second; corrected rotor speed, 16.000 rpm; ex-
haust-nozzie diameter, 12.0 inches; cowl-inlet air temperature, 537°
to 5439 R.
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Figure 7, - Engine performance for various water-alcohol mixtures in-
jected during run E. Corrected water flow nearly constant at 1.6
pounds per second; exhaust-nozzle diameter, §12.0 inches; cowl-inlet
air temperature, 541° to 546° R.
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Figure 7. - Continued. Engine performance for various water-alcahol
mixtures injected during run E. Corrected water flow nearly constant
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inlet air temperature, 541° to 546° R,
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Figure 8. - Thrust augmentation of centrifugal-fliow-type turbojet en-
gine by water and water-aicohol Injection at a corrected rotor speed
of 16,500 rpm; cowi-Inlet air temperature, 534° to 543° R,
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Figure 9. - Engine performance for various injected kerosene flows. Av=-
erage ambient cell temperature, 535° R; 12.5-inch-diameter exhaust
nozzle.
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